Purpose: Ovarian clear cell carcinomas (OCCC) are a drug-resistant and aggressive type of epithelial ovarian cancer. We analyzed the molecular genetic profiles of OCCCs to determine whether distinct genomic subgroups of OCCCs exist.
Introduction
Ovarian clear cell carcinoma (OCCC) is an uncommon subtype of epithelial ovarian carcinoma (EOC) that is associated with a reduced response rate following platinum-based chemotherapy (1-3) and a poorer prognosis, especially in advanced stage, in comparison with other histological subtypes of EOC (4) (5) (6) .
The only established independent prognostic indicators of outcome for OCCCs are International Federation of Gynaecology and Obstetrics (FIGO) stage and the extent of residual disease following debulking surgery (3, 6, 7) . Histopathological parameters have not been shown to be prognostically informative and OCCCs are considered to be high-grade tumors (8) . Given that the current standard of care in EOC consists of optimal debulking surgery followed by platinum-based chemotherapy, the observed platinum-resistance of OCCCs, particularly in advanced FIGO stage, poses a considerable clinical challenge. Furthermore, there is a paucity of validated targeted agents or effective alternative systemic therapies for patients with this disease (4) . The inability to predict outcomes or platinum/ taxane sensitivity in OCCC patients from intrinsic characteristics of the primary tumor also results in considerable difficulty for both patients and gynecological oncologists when making decisions about chemotherapy in both early and advanced-FIGO stage OCCC.
Microarray-based comparative genomic hybridization (aCGH) provides a genome-wide survey of copy number gains, losses, and amplification in solid tumors. This technique has proven useful in characterizing the genomic profiles of tumors, and identifying prognostic and predictive DNA copy number aberrations (9) . Hitherto, only a few studies have focused on the analysis of DNA copy number changes associated with OCCC (10) (11) (12) (13) . Based on an analysis of OCCC cell lines, we previously identified PPM1D as a likely amplicon driver and potential therapeutic target in OCCCs harboring 17q23.2 amplification (11) . More recently, Kuo and colleagues used a 250k single-nucleotide polymorphism array to analyze the genome-wide copy number changes in 12 affinity-purified OCCCs and identified a recurrent amplification of the putative oncogene ZNF217 (12) . Only one previous aCGH study (using a cDNA platform comprised of 10,618 probes) was performed on OCCCs to identify prognostic markers (13) , and this found that upregulation of ABCF2 was associated with poor prognosis in OCCCs.
Based on previous genomic analyses (11-13), we hypothesized that OCCCs would comprise a heterogeneous group of tumors in terms of their DNA copy number aberrations. Using a high resolution aCGH platform, we performed a detailed molecular characterization of 50 OCCCs with the following aims: (i) to characterize the patterns of copy number gains, losses and amplifications in these tumors and (ii) to assess whether genomic subgroups of OCCCs are associated with distinct outcomes.
Materials and Methods

Selection of ovarian clear cell carcinomas
Local ethical approval for this study was granted by the Royal Marsden Hospital Research and Ethics Committee on 11th May 2006 (RMH REC Committee Ref: 06/Q801/ 23). Archival formalin-fixed, paraffin-embedded (FFPE) OCCCs were obtained from the pathology departments of The Edinburgh Royal Infirmary (AW), The Belfast Health and Social Care Trust (WGM), Royal Marsden Hospital, London (CJ), and Hammersmith Hospital, London (ME). All OCCCs were reviewed and selected by pathologists with an interest in ovarian cancer pathology at respective hospitals before undergoing a second central review and selection process by 2 gynecological pathologists with experience and track record in ovarian cancer pathology (CJ, WGM).
All of the patients underwent surgical debulking as initial management. None of the selected patients had received any systemic anticancer therapy prior to primary debulking surgery. Tumor stage was defined according to the FIGO staging system. In total, 88 archival surgical resection specimens of primary, pure (no component of EOC other than OCCC) OCCCs were identified, of which only 50 tumors had DNA of sufficient quality for aCGH analysis (see the following text). A review of the histopathological characteristics of these 50 tumors was performed by one of the authors (WGM), blinded to the results of aCGH analysis. Histopathological parameters assessed included: (i) predominant architectural pattern-glandular, solid, papillary or tubulocystic; (ii) mitotic count per 10 high-power fields from most mitotically active areas (50 high-power fields counted); (iii) degree of nuclear pleomorphism categorized as mild (round to oval nuclei with even distribution of chromatin and inconspicuous nucleoli); moderate (irregular nuclei with chromatin clumping and moderate sized nucleoli); and severe (large pleomorphic nuclei with coarse chromatin and large irregular nucleoli); (iv) presence or absence of necrosis; (v) presence or absence of an adenofibroma-like growth pattern-defined as dilated glands lined by epithelial cells within a fibrous stroma; (vi) presence or absence of inflammation.
DNA extraction
Five 8-mm-thick paraffin sections of each OCCC included in the study were stained with nuclear fast red and selected tumor areas were manually microdissected with a sterile needle (Terumo Corporations) under a stereomicroscope (Olympus SZ61s) to remove lymphocytic infiltrates and stromal components to achieve a minimum of a greater than 70% composition of tumor cells, as previously described (14) (15) (16) (17) . DNA from the FFPE samples was extracted using the DNeasy kit (Qiagen Ltd) according to the manufacturer's recommendations. DNA was quantified using the Quant-IT PicoGreen dsDNA Assay Kit (Molecular
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Probe; Invitrogen) according to manufacturer's instructions. A multiplex-PCR-based quality control assay was performed for DNA extracted from archival FFPE OCCC samples (15) . Out of 88 OCCC samples, 50 samples yielded DNA of sufficient quantity and quality to be subjected to aCGH analysis.
aCGH analysis
The aCGH platform used for this study was constructed by the Breakthrough Microarray Laboratory and comprises a fluorescence in situ hybridization (FISH) mapped tilingpath rearray set of 32,000 bacterial artificial chromosome (BAC) clones from Children's Hospital Oakland Research Institute (http://bacpac.chori.org/) spaced at approximately 50 kb intervals throughout the genome. All 32,000 BAC clones were spotted onto single Corning GAPSII-coated glass slides (Corning). This platform has been shown to be as robust as and to have comparable resolution with high density oligonucleotide arrays (18, 19) .
The aCGH protocol has previously been described (14) (15) (16) (17) . Briefly 400 to 500 ng of reference (normal DNA extracted from blood lymphocytes pooled from 24 females) and tumor DNA were labeled with Cy3-or Cy5-conjugated dCTP (Amersham Biosciences) using random primed BioPrime DNA labeling (Invitrogen Life Technologies) according to the manufacturer's protocol, modified to incorporate 1.0 mmol/L Cy dye, 0.6 mmol/L dCTP, and 1.2 mmol/L dATP, dGTP, and dTTP. After labeling at 37 C for 18 hours, nonincorporated reaction constituents were removed by MinElute Reaction Cleanup (Qiagen Ltd). Labeled reference and tumor DNA were coprecipitated with 100 mg human Cot-1 DNA (Invitrogen Life Technologies) at À20 C for 1 hour (DNA from cell line and fresh frozen tissue at À80 C for 1-2 hours) followed by resuspension in 50 mL hybridization buffer (50% deionized formamide, 10% w/v dextran sulphate, 2Â SSC, 2% SDS, 20 mg yeast tRNA). Denaturation of labeled DNA was performed at 70 C for 15 minutes, followed by incubation at 37 C for 30 minutes to allow blocking of repetitive sequences by human Cot-1 DNA. Denatured DNA samples were hybridized to the microarray at 37 C overnight. Posthybridization, slides were washed in 2Â SSC/0.1% SDS for 15 minutes at 45 C to remove the coverslips, followed by 50% deionized formamide/2Â SSC wash for 15 minutes at 45 C. Finally, slides were washed in 2Â SSC/ 1% SDS for 30 minutes at 45 C and twice in 0.2Â SSC for 15 minutes at room temperature. After posthybridization washing, slides were dried by centrifugation at 2,000 rpm for 2 minutes.
Following hybridization and washes, slides were scanned using an Axon 4000B scanner (Axon Instruments) and images were processed using Genepix Pro 5.1 image analysis software (Axon Instruments). Log 2 ratios were normalized for spatial and intensity-dependent biases using a 2-dimensional loess regression followed by a BAC-dependent bias correction as previously described (15) . This left a final dataset of 31,213 clones with unambiguous mapping information according to the Feb 2009 ensembl assembly 55 build 37 (hg 19) of the human genome (http://www.ensembl.org). Data were smoothed using a local polynomial adaptive weights smoothing (aws) procedure for regression problems with additive errors (20) .
Thresholds for copy number gains and losses were chosen to correspond to 3 standard deviations of the normal ratios obtained from the filtered clones mapping to chromosomes 1 to 22, assessed in multiple hybridization between DNA extracted from a pool of male and female blood donors as previously described (Log 2 ratio of AE0.12; refs. 15, 17) . A categorical analysis was applied to each clone on the array after classification as amplified/high level gain, gain, loss, or no-change according to their aws-smoothed Log 2 ratios. Low level gain was defined as an aws-smoothed Log 2 ratio between 0.12 to 0.4, corresponding to approximately 3 to 5 copies of the locus, whereas gene amplification/high level gain was defined as having an aws-smoothed Log 2 ratio more than 0.4, corresponding to more than 5 copies. These figures were obtained by comparison with interphase FISH and chromogenic in situ hybridization (CISH) data for markers at different chromosomal locations as previously described (11, 16, 17) . Data processing and analysis was carried out in R 2.9.0 (http://www.r-project.org/) and BioConductor 2.5 (http://www.bioconductor.org/), making extensive use of modified versions of the packages aCGH, marray, and aws in particular (15) .
Differentiation of genomic patterns
We classified the genomic profiles of OCCCs into 3 subgroups following the system proposed for breast cancer by Hicks and colleagues (21): 'simplex', 'sawtooth', and 'firestorm'. Cases were considered of 'simplex' pattern if their genomic profiles were characterized by broad segments of duplication and deletion, usually comprising entire chromosomes or chromosome arms, with occasional isolated narrow peaks of amplification. Complex patterns included 'sawtooth' and 'firestorm' profiles. Cases with a 'sawtooth' profile were characterized by many narrow segments of duplication and deletion, often alternating and affecting all chromosomes. In these cases, although multiple gains and losses occurred throughout the genome, amplifications were rarely found. Cases were considered of 'firestorm' pattern if they resembled the 'simplex' type except that the profiles contained at least 1 localized region of clustered, relatively narrow peaks of amplification, with each cluster confined to a single chromosome arm. Genome patterns (i.e., 'simplex', 'sawtooth', and 'firestorm') were determined through visual inspections of the genome plots by 3 observers independently (DT, RN, and ML) as previously described (11, 16) . In all cases, a perfect agreement between the observers was achieved.
Unsupervised analysis of aCGH data
For unsupervised analysis of aCGH data, copy number changes were categorized according to the aforementioned thresholds for each clone and converted to integer values (high-level gains/ amplified ¼ 2, gains ¼ 1, losses ¼ À1 or no copy number change ¼ 0) before a hierarchical clustering analysis was performed for all OCCCs profiled using Ward's linkage analysis (Euclidean distance; ref. 22) as previously described (16, 23) .
For supervised analysis, copy number changes were categorized as gains, losses, or amplifications according to the aforementioned thresholds for each clone before using Fisher's exact test [with adjustment for multiple testing using the step-down permutation procedure maxT, providing strong control of the family-wise type I error rate (FEWER; refs. 16, 23) ] to identify statistically significant (adjusted P value < 0.05) differences between the genomic profiles of cluster-1 and cluster-2 OCCCs. Data processing and statistical analysis was carried out in R 2.9.0 (http:// www.r-project.org/) and BioConductor 2.5 (http://www. bioconductor.org/). The aCGH data (i.e., Log 2 ratios and smoothed Log 2 ratios) are available on the ROCK database (http://rock.icr.ac.uk/collaborations/TanDS).
Statistical analysis of clinical outcome data
Known prognostic factors in EOC were recorded for each patient as shown in Table 1 . Characteristics of patients in cluster-1 and cluster-2 (age, FIGO stage, chemotherapy, and histopathological characteristics) were compared using Fisher's exact test (for categorical data) or a Mann-Whitney test (for continuous data; Table 1) . P values less than 0.05 were considered to be significant. Ovarian cancer specific survival (OCS) and progressionfree survival (PFS) for patients in cluster-1 versus cluster-2 were compared using Kaplan-Meier estimates and a logrank test (Fig. 3B) . The OCS and PFS of patients in the cohort were also calculated for other known prognostic factors (FIGO stage I vs. II/III/IV, <2 cm vs. >2 cm residual disease after debulking surgery and age) and the different histopathological characteristics using the same method (Table 2) . A Cox regression model was fitted to predict for OCS and PFS by including prognostically significant characteristics for OCS and PFS in univariate analysis ( Table 2 ). The resulting hazard ratios were calculated with a 95% CI. All statistical analyses and graphs were performed using SPSS version15 software.
CISH, FISH, and immunohistochemical analysis
Genomic loci found to be recurrently amplified in OCCCs (17q12 encompassing the HER2 gene) and also to be significantly more frequently amplified in cluster-1 than cluster-2 tumors (17q21.2-21.32, 19q13.2, 20q13.13, and 20q13.31-q13.32) were analyzed on whole tissue sections from selected tumors from this cohort by CISH and FISH.
For HER2 copy number assessment, FDA-approved ready-to-use digoxigenin-labeled Spotlight amplification probe for HER2 (Invitrogen) was employed. In 1 of 7 HER2-amplified OCCCs there was insufficient tissue for CISH and immunohistochemical analysis. Therefore, CISH was only performed on 6 of 7 HER2-amplified OCCCs.
CISH probes using 4 BACs (RP11-812O05, CTD-2234O23, RP11-1365J18, RP11-769M09) mapping to a smallest region of amplification (SRA) on 17q21.2-21.32, and FISH probes using BACS mapping to SRAs on 19q13.2 (RP11-688J23 RP11-36B02, RP11-691F18), 20q13.13 (RP11-223M11, RP11-444K09), and 20q13.31-q13.32 (RP4-539E4, RP5-843L14) were generated as previously described (24) . Due to limited tissue availability, we performed FISH to validate the presence of amplification in 4 OCCC samples for each amplicon and used 3 negative controls (i.e., samples reported not to have amplification of the region by microarray-based CGH analysis) for each probe. Analysis of CISH hybridizations was performed at Â400 and Â630 magnification on a multiheaded microscope by 2 of the authors (DT, FCG), blinded to the results of aCGH analysis. FISH probes were visualized using a Zeiss Axioplan 2 microscope equipped with a CCD camera, and analyzed with Cytovision software version 2.81 (Applied Imaging International) by 2 of the authors (FM, DT). Signals for CISH and FISH were counted in nonoverlapping nuclei of at least 60 morphologically unequivocal neoplastic cells. Amplification was defined as more than 5 signals per nucleus in more than 50% of cancer cells, or when more than 50% of cells harbored large gene copy clusters as previously described (15, 16, 25, 26) .
Immunohistochemistry for HER2 expression was performed using the HercepTest (code A0485; Dako) and scored according to ASCO/CAP guidelines (27) .
Results
Genomic architecture patterns of ovarian clear cell carcinomas
The clinical details of all 50 patients are summarized in Table 1 . All patients were diagnosed between October 1988 and March 2007 with a median follow-up period of 24 months (range 1.2 to 159.6 months).
High-resolution (approximately 50 kb) aCGH analysis of 50 primary OCCCs revealed the presence of 3 distinct genomic patterns ( Fig. 1): one characterized by few chromosomal aberrations involving whole chromosomes or chromosomal arms ('simplex'), one characterized by multiple gains and losses throughout the genome ('sawtooth'), with very few high-level amplifications, and a third pattern characterized by multiple, clustered amplifications mapping to a single chromosome or chromosomal arm ('firestorm'). These patterns were similar to those described by Hicks and colleagues (21) in breast cancer. Out of the 50 OCCCs profiled, 19 (38%), 11 (22%), and 20 (40%) tumors displayed simplex, complex-sawtooth, and complex-firestorm genomic profiles, respectively. These findings were similar to those derived from our previous aCGH analysis of OCCC cell lines (33% simplex, 17% complexsawtooth, and 42% complex-firestorm; ref. 11).
Genomic copy number alterations in ovarian clear cell carcinomas
Having established the genomic profiles of the OCCCs, a detailed analysis of the aCGH-derived copy number changes was performed. Figure 2 shows the frequency plots Table 1 ). Regions with a high frequency of recurrent amplification included 20q13.2 (harboring ZNF217, which has previously been reported as being amplified in 36% of OCCCs; ref. 12) in 11 of 50 (22%) OCCCs, and 17q12-q21.32 which was amplified in 9 of 50 (18%) OCCCs and harbors the HER2, TOP2A, GAST, JUP, and BRCA1 genes (Supplementary Tables 1 and 2 ). We previously showed that PPM1D is amplified and overexpressed in 10% of OCCCs and is a potential therapeutic target in OCCCs (11) . In this study, PPM1D was amplified in 3 of 50 (6%) OCCCs. Genes within regions of recurrent amplification are listed in Supplementary Table 2 .
To validate the results of our aCGH data, we performed CISH using probes mapping to the HER2 gene, which was amplified in 7 of 50 OCCCs. A perfect agreement between CISH and aCGH results was found (Fig. 2, Supplementary  Table 3 ), validating the presence of amplification of these regions in a subset of OCCCs. Immunohistochemical analysis of HER2 expression also revealed a perfect correlation between HER2 amplification and overexpression in our OCCCs (Supplementary Table 3 ). No association between HER2 amplification and clinical outcome (PFS and OCS) was observed.
Hierarchical clustering analysis reveals 2 genomic subgroups of OCCCs that are associated with distinct clinical outcomes
Given the heterogeneity in terms of patterns of genomic aberrations observed in OCCCs, we carried out a hypothesis generating unsupervised hierarchical clustering class discovery analysis based on categorical aCGH data from the 50 OCCCs. This analysis revealed that OCCCs were subdivided into 2 distinct clusters (cluster-1 OCCCs and cluster-2 OCCCs) based on their copy number changes (Fig. 3) .
We next determined the associations with clinicopathological, histological, and molecular features of these 2 clusters defined by the patterns of copy number aberrations. There were no significant differences between tumors from cluster-1 and cluster-2 in terms of their histological characteristics, FIGO stage, or residual disease following primary debulking surgery (Table 1) . Importantly, however, cluster-1 was significantly enriched for tumors with complex-firestorm and complex-sawtooth genomic patterns, whereas cluster-2 tumors displayed a significantly higher frequency of the tumors with a simplex genomic pattern (P < 0.001; Table 1 and Fig. 3 ).
To determine if the 2 observed clusters were associated with the outcome of patients with OCCCs, we compared the PFS and OCS outcomes across the cohort of 50 OCCC patients. The Kaplan-Meier survival estimates (Fig. 3) showed that cluster-1 patients (median survival 11 months, 95% CI: 3 to 19) had a significantly shorter PFS than cluster-2 patients (median survival 65 months, 95% CI 22 to 108, P ¼ 0.009) following first-line treatment. The Kaplan-Meier survival estimates for median OCS (Fig. 3) also revealed a trend for a poorer prognosis for cluster-1 patients (19 months, 95% CI: 0 to 69) compared with cluster-2 patients (66 months, 95% CI: 45 to 87, P ¼ 0.065).
Univariate Kaplan-Meier (log-rank test) analysis determined that out of all clinicopathological parameters, only FIGO stage (P ¼ 0.001), extent of debulking surgery (P < 0.001) and genomic cluster (P ¼ 0.009) were significantly associated with PFS and only stage (P ¼ 0.001) and extent of debulking surgery (P < 0.001) were significantly associated with OCS (Table 2 and  Table 3 ). The genomic architectural patterns (complex vs. simplex) of OCCCs were not associated with PFS or OCS ( Table 2) . Multivariate analysis using a Cox regression model including all variables that were significant at univariate analysis (i.e., FIGO stage, residual disease, and cluster) was performed to identify independent prognostic factors for our cohort of OCCC patients. Genomic cluster and suboptimal debulking surgery (residual disease > 2 cm) were found to be independent predictors of PFS ( Table 2) . As expected, our analysis confirmed that advanced FIGO stage and suboptimal debulking surgery were independent prognostic factors for poorer OCS (Table 2) . Figure 1 . Representative genome plots of ovarian clear cell carcinomas illustrating the "complex-firestorm", "complex-sawtooth", and "simplex" genomic patterns. The aws log 2 ratio of each BAC clone is plotted on the y-axis and according to its genomic location on the x-axis. BAC clones that are gained (aws log 2 ratio > 0.12) or amplified (aws log 2 ratio > 0.4) are represented as green dots, clones with no change in copy number (aws log 2 ratio ¼ À0.12 to 0.12) are represented by black dots and clones which are lost (aws log 2 ratio < À0.12) are represented as red dots. A, complex "firestorm" genomic patterns; B, complex "sawtooth" genomic patterns; and C, "simplex" genomic patterns (see text for details).
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Genomic differences between cluster-1 and cluster-2 OCCCs Given that cluster-1 and cluster-2 tumors did not differ in terms of their clinicopathological and histological features (Table 1) , we sought to define the genomic differences between these molecular subgroups of OCCCs (Fig. 4) . Multi-Fisher's exact test corrected for false discovery rate using the step-down permutation procedure maxT (15, 16) revealed that 26 recurrent regions of high-level gain/ amplification as being significantly more prevalent (adjusted P < Table 4 for full list of regions and genes).
We performed CISH (Fig. 4 and Supplementary Table 3 ) using probes mapping to the smallest region of amplifica- (encompassing SNAI1), and 20q13.31-q13.32 (encompassing TFAP2C) that were also amplified at a significantly higher prevalence (Multi-Fisher's adjusted P < 0.05) in the poor prognosis cluster-1 tumors, was also performed using FISH (Supplementary Figure 1 and Supplementary Table 3) . aCGH and FISH results displayed 100% agreement in the cases tested.
Discussion
In this study, we demonstrate that OCCCs constitute a heterogeneous group of cancers in terms of their patterns of copy number aberrations and identified several regions of recurrent amplification in our OCCCs that have previously been described in OCCCs and OCCC cell lines (11, 12) . In particular, recurrent amplification of the 20q13 locus harboring ZNF217 and the 17q23.2 amplicon encompassing PPM1D were found in 20% and 6% of the OCCCs studied, respectively (Supplementary Table 2 ). In addition, our aCGH analysis also revealed recurrent amplifications of the HER2 gene in 14% of cases, which were subsequently validated by CISH. Importantly, all OCCCs harboring HER2 gene amplification displayed HER2 protein overexpression as defined by immunohistochemical analysis.
In view of the previous evidence from experimental models demonstrating that genes consistently overexpressed when amplified may constitute potential therapeutic targets (11, 16, 28) and the positive results from clinical trials carried out in patients with breast and gastric cancers displaying HER2 gene amplification and protein expression (29) (30) (31) , our data suggest that HER2 may also be a potential therapeutic target in OCCCs. In a previous phase II study of trastuzumab monotherapy (32) in 41 patients with recurrent EOCs (including 7 OCCCs), an overall response rate of only 7% was observed. However, patient selection was only based on HER2 2þ (27/41) or 3þ (14/ 41) immunohistochemical expression levels without assessment of HER2 copy number status (32) . Therefore, additional studies to assess the predictive value of HER2 amplification and overexpression in OCCCs in response to trastuzumab are warranted.
In agreement with previous large retrospective studies on OCCCs (3, 6, 33), we confirmed that (i) histopathological features cannot identify prognostic subgroups of OCCCs, (ii) advanced FIGO stage and suboptimal debulking (>2 cm residual disease) are independent predictors of OCS, and (iii) suboptimal debulking is an independent predictor of PFS in OCCCs.
OCCCs are considered high grade (Grade III) tumors by definition, given their relatively poor outcome and the fact that histopathological features cannot distinguish prognostic subgroups in these cancers. Here we demonstrate that OCCCs are heterogeneous at the genomic level. Unsupervised clustering analysis resulted in the identification of 2 subgroups of OCCCs, which are characterized by distinct patterns of genomic aberrations and clinical outcomes. Importantly, cluster-1 (i.e., poor outcome) OCCCs have more complex genomes, including recurrent amplifications that may be predictive of poorer outcomes and possibly mediate tumor aggressiveness and treatment resistance.
A hypothesis generating analysis of the associations between the genomic groups identified by hierarchical clustering revealed that they are associated with PFS, independent of FIGO stage and residual disease following primary cytoreductive surgery. These results suggest that the genomic copy number changes in primary, pure OCCCs may have a direct influence on tumor behavior and clinical outcome, which may be independent of FIGO stage, residual disease. There were significant differences in the genomic architectural profiles of OCCCs between the genomic clusters, with a higher prevalence of complexsawtooth and firestorm patterns being observed in cluster-1 tumors and simplex genomic patterns being predominantly observed in cluster-2 tumors (Table 1) , however these genomic patterns were not predictive of PFS or OCS (Table 2) .
Although the histopathological features of cluster-1 and cluster-2 tumors did not differ, we identified 26 genomic regions (Supplementary Table 4 ) with a significantly higher prevalence of high-level gain/ amplification in cluster-1 compared with cluster-2 OCCCs. Our aCGH results were supported by CISH and FISH, which confirmed the amplification of selected regions (Supplementary Table 3 and Supplementary Figure 1) . These amplicons encompass a number of genes, including CCNE2 on 8q22.1 (34), JUP (35), GAST (36) and BRCA1 (37) on 17q21.2-q21.32, ERCC1 on 19q13.31 (38) , AKT2 on 19q13.2 (39, 40) , SRC on 20q11.23 (41) ; and SNAI1 on 20q13. 13 (42) that, if overexpressed, may account for the observed prognostic differences between the 2 genomic OCCC clusters (Supplementary Table 4 ). In particular, the shorter PFS observed in cluster-1 suggests that these amplicons may harbor potential mediators of tumor aggressiveness and chemoresistance, and therefore novel therapeutic targets for further assessment in OCCCs.
We performed CISH or FISH using probes mapping to SRAs that were significantly more frequently amplified in cluster-1 than in cluster-2 OCCCs, including 19q13.2, 20q13.13, and 20q13.31-q13.32 and 17q21.2-q21.32. These analyses validated the presence of these amplifications in cases from cluster-1. Of particular interest is the 17q21.2-q21.32 region which contains a number of putative oncogenes including EIF1 (43), JUP (35), GAST (36), and FKBP10 (44) but, in the context of EOC, the tumor suppressor gene BRCA1, which encodes a nuclear phosphoprotein involved in transcriptional regulation and DNA repair (37) , is of particular interest. Mutations and downregulation of this gene are associated with the hereditary breast and ovarian cancers (37) and increased sensitivity to platinum-based chemotherapy (45, 46) . Conversely, higher BRCA1 mRNA expression has been associated with platinum-resistance and poorer outcomes in EOC (45) , and transcript variants of BRCA1 have been shown to increase cell proliferation by upregulating cyclin-D1 expression (47) . Hence, one could hypothesize that amplification and overexpression of genes The 50 tumors profiled in this study represent the largest high-resolution aCGH analysis of OCCCs to date. However, given the retrospective accrual of the cohort analyzed and its relatively small size, our results are best regarded as hypothesis generating and will require independent validation in a larger set of OCCCs. In fact, a trend for cluster-1 tumors to have a shorter OCS than cluster-2 OCCCs was observed, but this did not reach statistical significance (P ¼ 0.065). It cannot be ruled out that the lack of association between genomic clusters and OCS may be due to the limited sample size. Nevertheless, our results do suggest that OCCCs are genetically heterogeneous and that the level of genetic complexity of OCCCs (i.e., the equivalent of a 'genomic grade') may predict the outcomes of patients with OCCCs. Besides, we have also identified 26 regions of recurrent high level gain/amplification which may harbor genes that are predictive of poorer outcome and potential therapeutic targets in OCCCs. Further analyses to investigate the 'drivers' of these recurrent amplicons are warranted.
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